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a b s t r a c t

In nature, white-rot fungi efficiently degrade lignin present in wood biomass. Elucidation of molecular
mechanisms underlying wood lignin biodegradation by white-rot fungi would contribute to the devel-
opment of efficient and ecofriendly methods of producing valuable chemical products from wood
biomass. Here, using forward genetics approach, we demonstrate that the mutant of a putative tran-
scription factor gene, gat1-1, significantly decreases the ligninolytic activity of the white-rot fungus
Pleurotus ostreatus, when grown on beech wood sawdust medium. We also show that this phenotype is
dominant. In Schizophyllum commune, Gat1 was previously shown to be involved in fruiting body
development. In this study, we reveal that the mutations in gat1 gene cause defects in fruiting body
development in P. ostreatus. Unlike the previously reported recessive gene mutations that decrease the
ligninolytic activity of P. ostreatus, the gat1-1 mutation and Dgat1 are dominant and would thus be useful
for future studies on the functional role of the orthologs in other white-rot fungi.

© 2018 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Cellulose, hemicellulose, and lignin are the three major compo-
nents of wood biomass. Cellulose is a linear b-1,4-glucan that forms
crystalline cellulose (Kolpak and Blackwell, 1976). Hemicellulose is a
branched and heterogeneous polysaccharide with shorter chains
than cellulose. Generally, glucuronoxylan and galactoglucomannan
are the primary hemicelluloses contained in hardwoods and soft-
woods, respectively (Gírio et al., 2010). Unlike cellulose and hemi-
cellulose, lignin is an aromatic heteropolymer consisting of
phenylpropanoid unit(s) (Boerjan et al., 2003). Ligninmonomers and
some sugars composing hemicellulose are linked by covalent bonds
(Watanabe and Koshijima, 1988; Watanabe et al., 1989; Nishimura
et al., 2018). Cellulose and some hemicelluloses are also linked by
hydrogen bonds (Zhang et al., 2011, 2015). Thus, wood biomass is
complex and exhibits high resistance to biodegradation.

In nature, it is generally considered that the aforementioned
recalcitrant wood biomass are primarily degraded by wood-
decaying fungi, most of which belong to Agaricomycetes. The
riculture, Kyoto University,
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wood-decaying agaricomycetes are typically divided into two
types: white-rot and brown-rot fungi. White-rot fungi decompose
lignin more efficiently than polysaccharides, and it is generally
thought that they play an important role in the global carbon cycle.
On the other hand, brown-rot fungi efficiently decompose crys-
talline cellulose via non-enzymatic mechanisms (Arantes and
Goodell, 2014) and are almost incapable of decomposing lignin,
besides modifying chemical structure of lignin (Jin et al., 1990).

Catalytic properties of various enzymes that may be involved in
the decomposition of the three major components have been
analyzed (Rytioja et al., 2014; Pollegioni et al., 2015). Lignin per-
oxidases (LiPs), manganese peroxidases (MnPs), and versatile per-
oxidases (VPs) are generally considered key enzymes that modify/
depolymerize lignin, although it has been suggested that other
enzymes are also involved in lignin degradation (Kersten and
Cullen, 2014; Riley et al., 2014). Recent genomic/transcriptome/
proteome studies have shown that gene number and the expres-
sion pattern of putative ligninolytic, hemicellulolytic, and cellulo-
lytic genes/enzymes differ among some white-rot fungi in the
presence of wood biomass (Fern�andez-Fueyo et al., 2012; Hori et al.,
2014; Riley et al., 2014), thereby providing insights into the di-
versity of strategies for wood decomposition.
rved.
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Pleurotus ostreatus, the oyster mushroom, is one of thewhite-rot
fungi frequently used for studies on ligninolytic enzymes
(Kamitsuji et al., 2004, 2005; Salame et al., 2010). Six mnp
(mnp1e6) and three vp (vp1e3) genes are predicted in the genome
of P. ostreatus (Knop et al., 2015). Engineering of MnPs derived from
this fungus has also been reported (Tsukihara et al., 2008;
Fern�andez-Fueyo et al., 2014). Additionally, this fungus is useful
for molecular genetic studies owing to the efficient gene targeting
system that was established by creating a ku80 knockout strain
(Salame et al., 2012). Single-gene disruptants for some mnp/vp
genes were isolated and their phenotypes were analyzed (Salame
et al., 2013, 2014; Nakazawa et al., 2017b).

Mechanisms underlying transcriptional regulation of genes
encoding ligninolytic enzyme have been investigated in some
white-rot fungi when grown on certain liquid medium (Alvarez
et al., 2009; Toyokawa et al., 2016; Feldman et al., 2017).
Sakamoto et al. (2010) and Suetomi et al. (2015) demonstrated the
differences in the effect of a calmodulin inhibitor, W7, on extra-
cellular Mn2þ-dependent peroxidase activity between two white-
rot fungi, P. ostreatus and Phanerochaete chrysosporium, thereby
suggesting a diversity in regulatory mechanisms. Nakazawa et al.
(2017a; 2017b) identified three gene mutations that cause defects
in decolorization of Remazol Brilliant Blue R (RBBR) and Orange II,
which are frequently used to examine the ligninolytic activity of
P. ostreatus (Vyas and Molitoris, 1995; Salame et al., 2010), through
an efficient forward genetic approach. The wtr1 gene encodes a
putative Agaricomycete-specific DNA-binding transcription factor
(Nakazawa et al., 2017a). The wtr1-1 mutation, which misses a
fungal-specific transcription factor domain, caused defects in
decolorization of RBBR and Orange II, but not wood lignin degra-
dation. However, targeted disruption of wtr1 causes defects in the
ability to degrade wood lignin to some degree (Nakazawa et al.,
2017a). In contrast to wtr1, targeted disruptions of two other
genes, chd1 encoding a putative chromatin remodeler and pex1
encoding a peroxisome biogenesis factor, were shown to cause
significant defects in wood lignin degradation in our previous
studies (Nakazawa et al., 2017a, 2017b). However, the mechanisms
that underlying transcriptional regulation of lignin degradation in
P. ostreatus and other white-rot fungi still remain unclear.

Here, we identified a mutant of P. ostreatus defective in lig-
ninolysis on sawdust media. Unlike the other mutations identified
in the previous studies, the phenotype of this mutant was domi-
nant. It was also revealed that this mutant is also dominant
defective in fruiting. We found that the gene responsible for the
dominant mutant phenotypes of this strain is homologous to the
Schizophyllum commune gat1 gene that has been shown to be
involved in its fruiting body development (Ohm et al., 2011).
2. Materials and methods

2.1. Strains, culture conditions, and genetic techniques of
P. ostreatus

The P. ostreatus strains used in this study are listed in Table S1.
Yeast and malt extract with glucose (YMG) medium (Rao and
Niederpruem, 1969) solidified with 2 % (w/v) agar in 9 cm Petri
dishes was used for routine cultures. YMG supplemented with
27 mMMnSO4 and 64 mMRBBR (YMGMnR)was used to examine the
ability of each P. ostreatus strain to decolor RBBR. Glucose-peptone
(GP; Salame et al., 2012) liquid medium and GP supplemented with
27 mM MnSO4 (GPMn) were used to measure extracellular enzyme
activity. GP and GPMn are often used to examine Mn2þ-dependent
peroxidase activity in PC9-derived strains (Salame et al., 2012,
2013).
Beech wood (Fagus crenata) sawdust media A (4.1 g sawdust,
0.3 g wheat bran, and 10.6 ml H2O) and B (1.9 g sawdust, 0.1 g
wheat bran, and 6.0 ml H2O) were used to examine the ability of
each P. ostreatus strain to degrade wood lignin in this study.
Sawdust media C (1.9 g extracted sawdust, 0.1 g extracted wheat
bran, and 6.0 ml H2O) and D (1.6 g extracted sawdust, 0.4 g
extracted wheat bran, and 6.0 ml H2O) were also used to mea-
sure extracellular enzyme activity and to isolate total RNA. In this
study, wheat bran was mixed with beech wood sawdust to
enhance the production of ligninolytic enzymes (Pickard et al.,
1999; Tsukihara et al., 2006). 20 mM Uridine and 0.18 mM ura-
cil were supplemented into sawdust media C and D when strain
20b/1 and chd1/pex1 disruptants derived from 20b/1 [J3-3d#1,
D14d#1 and D14d#2 (Table S1)] were grown. Sawdust and
wheat bran used in this study were purchased from Shinkoen
(Gifu, Japan) and Nisshin Seifun (Tokyo, Japan), respectively. They
included moisture because they were simply stored at 4 �C or
room temperature. In this study, sawdust used for the prepara-
tion of sawdust media A and B was subject to size-fractionation
(250e500 mm). Extractives present in sawdust and wheat bran
were removed using toluene and ethanol (2:1 v/v) for 1 h at
80 �C for four times, when preparing sawdust media C and D. The
cultures were maintained at 28 �C under continuous darkness,
unless stated otherwise.

UV mutagenesis, crosses, and fruiting of P. ostreatus were per-
formed as described by Nakazawa et al. (2016), Inada et al. (2001),
and Nakazawa et al. (2016), respectively. The transformation of
P. ostreatus strains was performed using protoplasts prepared from
mycelial cells as described by Salame et al. (2012), with some
modifications (Nakazawa et al., 2016).
2.2. Assay for extracellular enzyme activity

Each P. ostreatus strain was grown stationary on GP and GPMn
liquid media as described by Nakazawa et al. (2016). Measurement
of extracellular enzyme activity [2-Methoxyphenol (guaiacol)
oxidation] was performed as described by Kamitsuji et al. (2004)
with some modifications (Nakazawa et al., 2017a). Extracellular
enzyme activity of each strain when grown on sawdust medium C
was measured as described by Nakazawa et al. (2017b). In this
study, one unit of activity for guaiacol oxidation is defined as the
amount of enzyme that increases the absorbance at 465 nm by 1.0
per min in this study.
2.3. Quantification of Klason lignin, xylose, and a-cellulose

Each P. ostreatus strain (Table S1) was grown on sawdust
medium A for 28 d (PC9 and UVRM22), on sawdust medium B
for 20 d (20b, gat1d#1, and gat1d#2), or on sawdust medium B
for 13 d (dikaryon strains), followed by the quantification of the
residual amount of Klason lignin (acid-insoluble) contained in
each sawdust medium as described by Nakazawa et al. (2016).
Briefly, sawdust media were first subject to solvent extraction
with toluene and ethanol (2:1, v:v) for 1 h twice at room
temperature. Extracted sawdust media were then dried in an
oven (50 �C) for at least for 24 h, and the weight of each sample
was measured. About 0.5 g of each dried sawdust medium was
then hydrolyzed by H2SO4 as described by Ritter et al. (1932).
The resulting acid-insoluble lignin was collected by suction
filtration and dried at 50 �C for 24 h, followed by the mea-
surement and calculation of the weight of Klason lignin.
Quantification of the residual amount of a-cellulose and xylose
contained in sawdust medium was performed as described by
Nakazawa et al. (2017b).
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2.4. Whole-genome resequencing and bioinformatics

Extraction of genomic DNA, whole-genome resequencing,
alignment to the genome of strain PC9, and browsing of visualized
mutations were performed as described by Nakazawa et al. (2017a).

2.5. Introducing the gat1-1 mutation into PC9 and creating gat1
disruptants from 20b

To introduce the gat1-1 mutation into the wild-type strain PC9
(Table S1), cotransformationwas performed (Marmeisse et al., 1992;
Irie et al., 2001; Weber et al., 2005; Nakazawa et al., 2017a). A
genomic fragment containing the gene that corresponds to Protein
ID 83134 [gat1; Scaffold_2: 673565e678152 in the genome database
of strain PC9 (In: https://genome.jgi.doe.gov/PleosPC9_1/PleosPC9_
1.home.html)] was amplified by polymerase chain reaction (PCR)
fromUVRM22 using primer pair RM1/RM2 (Table S2). This fragment
was then introduced into PC9 concomitantly with the pTN24-1
plasmid carrying the hygromycin-B-resistance gene (Nakazawa
et al., 2017b). As a control, we also introduced plasmids pTN25
and pTN25-2, which expressed mCherry- and EGFP-harboring
peroxisomal target signal 1 (Nakazawa et al., 2017b), respectively,
into PC9 along with pTN24-1. After 10e20 d of transformation,
hygromycin-B-resistant colonies appeared on the regeneration
medium (Salame et al., 2012). They were transferred onto a YMG
agar plate containing 100 mg/ml (w/v) hygromycin B. After this
passage, the ability of each hygromycin-B-resistant transformant to
decolor the RBBR present in YMGMnR agar plates was examined.

The plasmid for gat1 disruption was created as described by
Nakazawa and Honda (2015). Briefly, a genomic fragment amplified
using primer pair RM1/RM2 was cloned into pBluescript II
KS þ digested with EcoRV. Inverse PCR was performed with the
resulting plasmid as a template and the primer pair RM51/RM52. A
DNA fragment containing the hygromycin-B-resistance gene was
also amplified using pTN24-1 as a template and the primer pair
TN400/M13R. The resulting two DNA fragments were fused using
the Geneart Seamless Cloning and Assembly kit (Life Technologies,
CA, USA) to yield a plasmid containing the gat1-disrupting cassette.
We then introduced this plasmid into strain 20b to obtain gat1 gene
knockouts, namely gat1d#1e4 (Table S1; Fig. S4).

2.6. RNA-sequencing (RNA-seq) and quantitative reverse
transcription-PCR (qRT-PCR)

The extraction of total RNA prepared from each strain grown on
sawdust medium C or D was carried out as described by Nakazawa
et al. (2017a). RNA-seq analysis was carried out as described by
Nakazawa et al. (2017b).

For qRT-PCR, the obtained RNA samples were reverse-
transcribed using PrimeScript RT kit (Takara, Shiga, Japan), fol-
lowed by quantitative PCR. In this study, GoTaq qPCR Master Mix
(Promega, WI, USA), and the Thermal Cycler Dice Real Time System
Lite (Takara, Shiga, Japan) were used. Quantificationwas carried out
as described by Pfaffl (2001). Primer pairs used for the amplifica-
tion of cDNA fragments of b-tubulin, vp2, and vp3 genes are indi-
cated in Salame et al. (2013). Amplification efficiencies for each of
these primer pairs were 96.3 %, 93.0 %, and 88.3 %, respectively.

3. Results

3.1. Isolation and phenotypic analysis of a P. ostreatus mutant
UVRM22

We isolated a P. ostreatus mutant defective in decolorization of
RBBR, namely UVRM22, after UV mutagenesis of wild-type strain
PC9 (Table S1). RBBR is frequently used to examine the ligninolytic
activity of this fungus. PC9, but not UVRM22, decolored RBBR
present in YMGMnR agar medium at 8 d after inoculation (Fig. S1A;
PC9 usually decolors RBBR within 5e7 d). This mutant also pro-
duced almost no extracellular enzymes that can oxidize guaiacol in
the presence of manganese when grown on sawdust medium C as
well as GP and GPMn liquid media when compared with the wild-
type strain PC9 (Fig. 1A and B; strains PC9 and UVRM22 take about
10 d to fully cover sawdust media used in this study). Also, PC9, but
not UVRM22, whitened sawdust medium C at 13 d after inoculation
(Fig. S1B). PC9 and UVRM22 were then grown on sawdust medium
A for 28 d to examine the ability of these strains to degrade wood
lignin. As shown in “Lignin loss” indicated in Table 1, PC9 degraded
lignin contained in sawdust medium A better than UVRM22.
“Composition change” indicated in Table 1 reflects the different
ability of each strain to whiten the sawdust medium, suggesting
that UVRM22 is less effective in wood lignin degradation.

3.2. UVRM22 is a dominant mutant defective in ligninolysis and
fruiting

When UVRM22 was mated with a wild-type monokaryon, PC15
(Table S1; this strain forms dikaryon when mated with PC9), the
resulting dikaryon did not efficiently decolor the dye present in
YMGMnR agar medium and did not whiten sawdust medium C
(Fig. S1A and B). PC9 � PC15 dikaryon decolored RBBR present in
YMGMnR agar medium and whitened sawdust medium C much
more than UVRM22 � PC15 one (Fig. S1A and B). These results
suggest that the less ligninolytic phenotype of UVRM22 is
dominant.

To identify the pattern of inheritance of the phenotypic traits
of UVRM22, we attempted to produce fruiting bodies of
UVRM22 � PC15 dikaryon to isolate F1 progeny. The PC9 � PC15
dikaryon usually forms primordia about 3e5 d after induction of
fruiting (a temperature downshift from 28 �C to 18 �C, under a 12 h
light/12 h dark cycle), and fruiting bodies within 10 d after induc-
tion (Fig. 1C; at 8 d after induction). However, we found that
UVRM22 � PC15 did not produce primordia and fruiting bodies
when grown on the sawdust medium used for fruiting (Fig. 1C). No
primordium/fruiting body was formed on the sawdust medium
growing UVRM22 � PC15 even at 14 d after induction (data not
shown). Moreover, the sawdust medium used for fruiting was
whitened by PC9 � PC15 dikaryon, but not by UVRM22 � PC15
dikaryon in this study (Fig. S2). These results suggest that the
mutant phenotypes (defects in ligninolysis and fruiting) of the
isolated strain are caused by dominant mutation(s).

3.3. Identification of the mutant gene responsible for defects of
UVRM22 in RBBR decolorization

The fact that UVRM22� PC15 dikaryon is unable to form fruiting
bodies precluded us from genetic analysis of F1 progeny from
UVRM22 � PC15 dikaryon. Therefore, we decided to identify the
gene(s) responsible for defects of UVRM22 strain in RBBR decol-
orization, without genetic analysis. Whole-genomic resequencing
identified 20 mutations (nucleotide substitutions) introduced into
the genome of UVRM22 based on the survey of Scaffold 1e36 of the
genome database of strain PC9. Fortunately, this number is much
smaller than those usually identified in genomes of the other
mutants shown in our previous studies. Among these mutations,
only five seemed to cause amino acid substitutions (Table S3),
suggesting that one of the five mutations is likely responsible for
the dominant mutant phenotype of strain UVRM22. To confirm
which mutation(s) is responsible for the mutant phenotype, we
first introduced a genomic fragment containing the mutant gene



Fig. 1. Extracellular Mn2þ-dependent peroxidase activity and fruiting body development on sawdust medium of each P. ostreatus strain. (A) Extracellular Mn2þ-dependent
peroxidase activity of indicated strains when grown on GP and GPMn liquid media for 8, 11 and 14 d. The error bars represent standard deviation (n ¼ 3). One unit (U) of activity for
guaiacol oxidation is defined as the amount of enzyme that increases the absorbance at 465 nm by 1.0 per min. (B) Mn2þ-dependent peroxidase activity of extracellular enzymes
produced by the indicated strains grown on sawdust medium C for 13 or 20 d. Error bars represent standard deviation (n ¼ 3). For descriptions regarding the defects of UVRM22
(and UVRM22 � PC15 dikaryon) in RBBR decolorization and wood lignin degradation, please see Fig. S1 and Table 1, respectively. (C) Fruiting body development of indicated
dikaryon strains when grown on sawdust medium (8 d after induction). Scale bar represents 2.5 cm. A color picture is provided in Fig. S2.

Table 1
The degradation of wood lignin by each P. ostreatus strain under each culture condition.

Strain Sawdust medium Culture days Lignin lossa [%] Composition changeb [%] No. of replications

PC9 A 28 d 30.5 ± 1.8 �4.6 ± 0.3 3
UVRM22 A 28 d �0.8 ± 1.1 ＋0.8 ± 0.4 3
20b B 20 d 19.2 ± 1.1 �1.7 ± 0.2 3
gat1d#1 B 20 d 0.9 ± 5.1 þ1.5 ± 1.2 3
gat1d#2 B 20 d �1.1 ± 1.3 þ2.1 ± 0.3 3
20b � PC15 B 13 d 21.6 �1.2 1
gat1d#1 � PC15 B 13 d 0.5 ＋1.4 1
gat1d#2 � PC15 B 13 d 4.3 ＋1.1 1
gat1d#3 � PC15 B 13 d �1.8 ＋1.8 1
gat1d#4 � PC15 B 13 d 5.1 ＋1.2 1

a Decrease in the weight of Klason lignin per plate compared with the No-fungus control plate (0.8310 g/plate for sawdust A and 0.4091 g/plate for B).
b Change in the composition of lignin contained in the solvent-treated residual sawdust medium compared to the No-fungus control (21.2 % w/w for sawdust A and 22.2 %

w/w for B).
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encoding a putative transcription factor corresponding to Protein
ID 83134 (https://genome.jgi.doe.gov/cgi-bin/dispGeneModel?
db¼PleosPC9_1&id¼83134) derived from UVRM22 (Table S3),
concomitantly with plasmid pTN24-1 carrying the hygromycin-B-
resistance gene into the wild-type strain PC9. Out of the obtained
54 hygromycin-B-resistant transformants, 12 were defective in
RBBR decolorization. As a control, we also introduced plasmids
pTN25 and pTN25-2, which do not contain the mutant gene, into
PC9 along with pTN24-1. None of the total 27 control transformants
obtained were defective in decolorization of RBBR. These results
suggest that the mutation in a gene corresponding to 83134 causes
the dominant defect at least in RBBR decolorization by P. ostreatus.
In this study, we did not introduce other fourmutant genes into PC9
to check whether these mutations are not responsible for the
mutant phenotypes of UVRM22.

3.4. The responsible gene is homologous to the S. commune gat1
gene

The gene corresponding to 83134 encodes a putative protein
harboring a GATA-type zinc finger DNA-binding motif (Fig. 2A). The
exon-intron prediction based on our RNA-seq data of strains PC9,
20b, and 20b/1 (when grown on sawdust medium C or D for 13 d)
was not identical to annotation in the JGI genome database (Fig. S3).
To evaluate which prediction is correct, we performed RT-PCR using
primer pair TN752/TN753, followed by DNA sequencing. These re-
sults indicated that the exon-intron prediction based on our RNA-
seq data is correct. We thereby registered the sequenced cDNA
(GenBank/EMBL/DDBJ Accession ID: LC383432). The protein enco-
ded by this gene (665 amino acids in length) is conserved among
Agaricomycetes, including a saprophytic agaricale Coprinopsis cin-
erea (XP_001837549; E-value, 5e-71), an agaricale S. commune Gat1
(Ohmet al., 2011; XP_003036589; E-value, 4e-52), a selectivewhite-
rot polyporale Gelatoporia subvermispora (EMD40513; E-value, 1e-
61), and a brown-rot polyporale Fomitopsis pinicola (EPS98753, E-
value, 2e-51), but not those from Cryptococcus neoformans, Ustilago
maydis, and Ascomycetes. In particular, approximately 60 amino
acids around the zinc finger motif is almost completely conserved
among putative proteins from Agaricomycetes. Therefore, we
designated this newly identified gene as P. ostreatus gat1. The mu-
tation introduced into the genome of strain UVRM22 causes an
amino acid substitution within the zinc finger motif of the Gat1
protein (S233F; Fig. 2A), suggesting malfunction of the DNA-binding
motif. We designated this mutation as gat1-1 (Table S1).



Fig. 2. Primary structure analysis and phylogeny of Gat1 proteins. (A) Structural properties and amino acid sequence of zinc finger motif of the PoGat1 protein. The underlined
serine 233 is altered into proline in mutant strain UVRM22. (B) Phylogenetic analysis of fungal proteins that exhibit high similarity to Gat1 drawn using the Unweighted Pair Group
Method with Arithmetic mean. Protein IDs for P. ostreatus proteins are from the JGI genome database. Accession numbers for putative proteins from other fungal species were
obtained from NCBI database. Scale bar indicates the bootstrap value.
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3.5. Phylogenetic analysis revealed another putative
Agaricomycete-specific DNA-binding transcription factor similar to
Gat1

Fig. 2B shows a phylogenetic tree of putative proteins that
exhibit high similarity to Gat1. This phylogenetic tree revealed a
gene encoding another putative transcription factor exhibiting high
similarity to Gat1 and is conserved among Agaricomycetes. We
designated this gene as gat2. It was also shown that Aspergillus
nidulans AreA (Fig. 2B), which is a transcriptional regulator medi-
ating nitrogen metabolite repression in Aspergilli (Kudla et al.,
1990; Monahan et al., 2006), is relatively similar to Gat1 and Gat2
proteins. This finding might raise the possibility that Gat1 (or Gat2)
is not an Agaricomycete-specific transcription factor, but a homolog
of AreA. However, this possibility is excluded by the fact that
another gene encoding a putative protein much more similar to
AreA is present in the genome of P. ostreatus as well as some
agaricomycete species (Fig. 2B).

3.6. Effects of targeted disruption of gat1 on the ability to degrade
wood biomass and fruiting of P. ostreatus

Four gat1 disruptants, gat1d#1, gat1d#2, gat1d#3, and gat1d#4
(Table S1 and Fig. S4), were generated from strain 20b (a ku80
disruptant; Table S1). Strain 20b, but not gat1d#1 and gat1d#2,
decolored RBBR present in YMGMnR agar medium at 9 d after
inoculation (Fig. S5A) and produced extracellular Mn2þ-dependent
peroxidasewhen grown on sawdust medium C as well as on GP and
GPMn liquid media (Figs. 1A and 3A). Strains gat1d#3 and gat1d#4
also did not decolor RBBRwhen theywere grown on YMGMnR agar
medium for 11 d (data not shown). As shown in Fig. 3B, hyphal
growth rates of gat1 disruptants were slightly slower than that of its
parental strain 20b. Strains 20b, gat1d#1, and gat1d#2 were also
grown on sawdust medium B for 20 d to examine the effects of gat1
disruption on the ability to degrade wood lignin. It was observed
that 20b degrades lignin contained in sawdust medium B much
more than the two gat1 disruptants (“Lignin loss” indicated in
Table 1). The cultivation period for this experiment is shorter
compared to growth of PC9 and UVRM22 on sawdust medium A
(28 d) because the amount of sawdust and wheat bran contained in
sawdust medium B (2.0 g) is less than that in sawdust medium A
(4.4 g).

We also examined the effects of gat1 disruption on the ability to
degrade polysaccharides contained in sawdust medium B. De-
creases in the amount of xylose (Table 2) and a-cellulose (Table 3)
reflect xylanolytic (hemicellulolytic) and cellulolytic activities,
respectively. As shown in Tables 2 and 3, a significant difference
was not observed when compared with parental strain 20b. These
results suggest that gat1 disruption decreases defects in lig-
ninolysis, but not cellulolysis and xylanolysis.

To examinewhether the disruption of gat1 also causes dominant
defects in ligninolysis and fruiting, the four gat1 disruptants and
20b were mated with PC15. The resulting 20b � PC15 dikaryon
decolored RBBR present in YMGMnR agarmediummuchmore than
gat1d#1e4 � PC15 dikaryons (Fig. S5A). 20b � PC15, but not
gat1d#1e4 � PC15, formed primordia and fruiting bodies (Fig. 3C;
at 7 d after induction) and whitened sawdust medium (Figs. S2 and
S5B). 20b � PC15 and gat1d#1e4 � PC15 dikaryons were also
grown on sawdust medium B for 13 d to examine the ability of each
dikaryon strain to degrade wood lignin. Dikaryon strains generally
grow faster than monokaryons (The dikaryon strains used in this
study fully covered the glass plate within 10 d post inoculation).
Therefore, we changed the cultivation period for this experiment.
As shown in “Lignin loss” of Table 1, the control dikaryon strain



Fig. 3. Effects of gat1 disruption on extracellular Mn2þ-dependent peroxidase activity and fruiting body development. (A) Mn2þ-dependent peroxidase activity of extracellular
enzymes produced by the indicated strains grown on sawdust medium C for 13 or 20 d. Error bars represent standard deviation (n ¼ 3). For descriptions regarding the defects of
Dgat1 strains (and DPogat1 � PC15 dikaryons) in RBBR decolorization and wood lignin degradation, please see Fig. S5A and Table 1, respectively. (B) Hyphal growth rate of the
indicated three strains when grown on YMG agar plate (7 d). Scale bar represents 2 cm. (C) Fruiting body development of indicated dikaryon strains when grown on sawdust
medium (7 d after induction). Scale bar represents 2.5 cm. A color picture is provided in Fig. S2.

Table 2
The biodegradation of the polysaccharide composed of xylose by each P. ostreatus strain under each culture condition.

Strain Sawdust medium Culture days Xylose lossa [%] No. of replications

20b B 20 d 10.6 ± 7.2 3
gat1d#1 B 20 d 8.7 ± 5.0 3
gat1d#2 B 20 d 8.7 ± 6.1 3

a Decrease in the amount of xylose per plate comparedwith the No-fungus control plate ontowhich the P. ostreatus strainwas not inoculated (0.4698 g/plate for the sawdust
medium B).

Table 3
The changes in the amount of a-cellulose after the cultivation of each P. ostreatus strain under each culture condition.

Strain Sawdust medium Culture days a-cellulose lossa [%] No. of replications

20b B 20 d 12.9 ± 0.8 3
gat1d#1 B 20 d 10.4 ± 1.7 3
gat1d#2 B 20 d 13.9 ± 1.7 3

a Decrease in the amount of a-cellulose per plate compared with the No-fungus control plate (0.8168 g/plate) onto which the P. ostreatus strain was not inoculated.

T. Nakazawa et al. / Fungal Biology 123 (2019) 209e217214
(20b � PC15: gat1þ � gat1þ) degraded lignin contained in sawdust
medium B much more than the Dgat1�gat1þ dikaryon strains.
Fig. S5B and “Composition change” of Table 1 also suggested that
the Dgat1�gat1þ strains are defective in white rot. Thus, targeted
disruption of gat1 gene causes mutant phenotypes similar to those
of UVRM22, such as dominant defects in ligninolysis and fruiting of
P. ostreatus.
3.7. Effects of gat1, wtr1, pex1, and chd1 disruptions on vp2 and
vp3 transcript levels

It was shown that vp2 and vp3 transcripts accumulate pre-
dominantly among genes encoding MnPs and VPs when strain 20b/
1, a pyrGmutant derived from 20b (Nakazawa et al., 2016; Table S1),
was grown on sawdust medium D supplemented with uridine and
uracil for 13 d (Nakazawa et al., 2017b). To confirm if vp2 and vp3
transcripts also accumulate abundantly in PC9 and 20b, we per-
formed RNA-seq analysis (Table S4). It was shown that vp2 and vp3
transcripts also accumulate predominantly when PC9 and 20b are
grown on sawdust medium C for 13 d. These results suggest that at
least vp2 and vp3 play an important role in lignin degradation on
the beech wood sawdust used in this study. Thus, we examined the
effects of gat1 disruption on accumulation of vp2 and vp3
transcripts by qRT-PCR when grown on sawdust medium C for 13 d
in this study.

Here, we examined the effects of wtr1, chd1, pex1 disruptions as
well as gat1 disruption on the accumulation of vp2 and vp3 tran-
scripts because we had performed semi-quantitative RT-PCR using
wtr1 and pex1 disruptants and the mutant strain UVJ3-3 (the chd1-
1 mutant; Nakazawa et al., 2017a) in our previous studies
(Nakazawa et al., 2017a, 2017b). 20b/1 and pex1 disruptants were
grown on sawdust medium D supplemented with uridine and
uracil because pex1 disruptants do not grow well on sawdust me-
dium C, which contains smaller amounts of wheat bran (Nakazawa
et al., 2017b). As shown in Fig. 4, gat1, chd1, and pex1 disruptions
reduced vp2 transcript accumulation significantly; however, the
effect of wtr1 disruption was relatively weak when grown on
sawdust medium for 13 d. Also, vp3 transcript accumulation was
significantly reduced in gat1 and chd1 disruptants, but not in wtr1
and pex1 disruptants.
4. Discussion

This study demonstrates that the mutations in the gat1 gene
encoding a putative zinc finger protein that is conserved among
Agaricomycetes cause dominant defects inwood lignin degradation



Fig. 4. Quantitative RT-PCR analysis to examine the effects of wtr1, gat1, chd1 and pex1 disruptions on transcript accumulation of vp2 and vp3. Error bars represent standard
deviation (n ¼ 2). Transcription levels were normalized to those of the b-tubulin gene, in order to calculate the relative transcript accumulation in each gene disruptant relative to its
corresponding parental strain.
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and fruiting of P. ostreatus. Even though Gat1 harbors a zinc finger
motif, the possibility that Gat1 is not a DNA-binding transcription
factor cannot be excluded because the DNA-binding capacity of
Gat1 has not been demonstrated in this study. Furthermore, Gat1
does not seem to contain any typical nuclear localization signal.
Therefore, analysis of subcellular localization and identification of
proteins associated with Gat1 should be carried out in future to
determine if Gat1 functions as a nuclear transcription factor.

The gat1 gene was previously reported to be involved in fruiting
body development in S. commune. Ohm et al. (2011) described that
Dgat1 � Dgat1 dikaryon forms more but smaller fruiting bodies
than a control wild-type dikaryon in S. commune; however, the
opposite result was obtained in this study:Dgat1�gat1þ dikaryon is
defective in fruiting body development in P. ostreatus. Therefore, it
would be interesting to investigate/compare the role(s) of Gat1 in
fruiting body development in S. commune and P. ostreatus, although
it remains unclear whether the effects of the gat1 mutations are
direct or indirect in each of these species.

Considering the opposite effects of gat1 mutations on fruiting
development in P. ostreatus and S. commune, it is likely that the
effect of gat1 mutations on the ligninolytic activity might also
differ among white-rot fungi. However, it is challenging to disrupt
genes homologous to gat1 in various white-rot fungi because the
frequency of homologous recombination is generally very low
(Salame et al., 2012). Therefore, ectopic expression of the gat1-1
dominant mutant gene may be a more realistic approach to cause
malfunction of Gat1-mediated mechanisms in various white-rot
fungi; however, it has not been examined whether gat1 muta-
tions also cause dominant effects in other agaricomycete including
S. commune (Ohm et al., 2011). Weber et al. (2005) has shown
examples of ectopic expression of dominant mutant genes in
S. commune. This methodology is applicable to some white-rot
fungi in which genetic transformation is available, such as Tra-
metes versicolor and Phanerochaete sordida (Kim et al., 2002;
Yamagishi et al., 2007), if gat1 mutations also cause dominant ef-
fects in these species. S. commune was recently suggested to be an
intermediate between white-rot and brown-rot fungi by the
comparative genomic study (Riley et al., 2014): although any
known lignin-modifying enzyme genes do not present in the
genome of S. commune, it has limited lignin-degrading capacity
(Schmidt and Liese, 1980; Kersten et al., 2014). Therefore,
comparative analysis of gat1 mutants among S. commune and
various white-rot fungi might provide new insights into the evo-
lution of fungal wood decay and the molecular mechanisms
conferring the diversity of strategies for wood decomposition.

We have shown that vp2 and vp3 transcripts accumulate pre-
dominantly when P. ostreatus PC9, 20b, and 20b/1, are grown on the
beech wood sawdust media for 13 d, whereas the transcriptional
expression of the both genes is inactivated by gat1 disruption
(Fig. 4). Salame et al. (2014) and Nakazawa et al. (2017b) showed
that vp2 single-gene disruption does not decrease the ligninolytic
activity significantly. Therefore, effects of vp2/vp3 double-gene
disruption and vp3 single-gene disruption on the ligninolytic ac-
tivity should be analyzed to examine whether VP2 and VP3 (or only
VP3) are responsible for degradation of wood lignin contained in
the beech wood sawdust medium. However, it has also been shown
that pex1 andwtr1 disruptions caused significant decrease in lignin
degradation as well as in accumulation of vp2 transcripts, but not
vp3 (Nakazawa et al., 2017b, Fig. 4), suggesting that vp3 single-gene
and vp2/vp3 double-gene disruptions do not cause defects in the
ability to degrade wood lignin significantly. Considering the fact
that RNA-seq analyses were performed using only 13-day culture
samples in this study (Table S4), it is quite likely that vp/mnp
gene(s) other than vp2 and vp3may be active at the transcriptional
level at other culture periods. In thewhite-rot fungus Obba rivulosa,
transcript accumulation of some mnp genes were shown to
significantly change depending on the culture period (Marinovi�c
et al., 2018). Therefore, temporal changes in all vp/mnp genes at
transcriptional (and protein) level should also be investigated in
P. ostreatus in order to examine which vp/mnp genes are respon-
sible/essential for wood lignin degradation. However, it is also
possible that proteins other than VPs/MnPs are responsible for
degradation of wood lignin contained in the beech wood sawdust
medium.

In conclusion, mutations in a gene encoding a putative tran-
scription factor, Gat1, cause significant defects in wood lignin
degradation and fruiting body development of P. ostreatus,
although the mechanism of action of Gat1 remains unclear.
Assuming that Gat1 is a DNA-binding transcription factor, identi-
fication of genes whose transcription is directly controlled by Gat1
based on the results of comparative transcriptome analysis be-
tween gat1 disruptants and the parental strain would allow us to
comprehensively understand how Gat1 is involved in the lig-
ninolytic system of P. ostreatus.
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